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Abstract
Increasing the Seebeck Coefficient of Thermoelectric Calcium Cobaltite Ceramics through Incorporation of
Rare-Earth Elements
Andre Fernandes
The demand for alternative sources of energy continues to grow, so it is essential to
look for alternatives that are environmentally sustainable to minimize the environmental
impact of energy generation. Projections suggest that renewables have the potential to make
up over fifty percent of power generation by 2035. Studies have shown that in 2020 more than
62% of the energy produced in the US was lost, with most of this energy being in the form of
waste heat. Waste heat can be utilized to improve the efficiency of power production or even
power other devices. This waste heat can be recovered using thermoelectric generators, which
are solid state devices comprised of P and N-type materials connected electrically in series and
thermally in parallel. Such devices take advantage of the Seebeck effect to directly convert
thermal energy into electrical energy. Thermoelectric generators have historically used toxic
and expensive materials, such as lead telluride (PbTe) and bismuth telluride (Bi2Te3). Ceramic
oxide materials have recently drawn significant attention as possible candidates to be used in
thermoelectric generators. These materials have shown to be chemically stable in air at high
temperatures and relatively cheap to be produced. However, the efficiencies of these materials
have yet to be improved to be comparable to the efficiencies of well stablished materials. Single
crystal calcium cobaltite Ca3Co4O9 has shown great potential as a candidate for thermoelectric
applications. However, single crystal materials are difficult and relatively more expensive to
fabricate when compared to polycrystalline ones. Efforts are focused on improving the
performance of polycrystalline materials to make them a viable alternative for thermoelectric
applications. The efficiency of a thermoelectric material is determined by the figure of merit ZT,
which is defined by ZT=(S2σ/)T, where S is the Seebeck coefficient, σ is the electrical
conductivity,  is the thermal conductivity, and T is the temperature. Studies have shown that
heterovalent substitution for Ca2+ in Ca3Co4O9 reduces the carrier concentration of the material,
leading to an increase in Seebeck coefficient and decrease in thermal conductivity. These
properties are directly related to the figure of merit ZT. This work focuses on improving the
Seebeck coefficient of the ceramic oxide polycrystalline P-type material Ca3Co4O9. Results
showed that single and dual doping of the material using rare-earth elements via stoichiometric
substitution enhanced the Seebeck coefficient, power factor, thermal conductivity, and
consequently the ZT value of Ca3Co4O9.
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Chapter 1: Introduction to Thermoelectric Materials and
Power Generators
1.1 Introduction to Thermoelectricity and Thermoelectric Generators
1.1.1 Market potential
The demand for alternative sources of energy continues to grow as the inevitable
change is necessary to reduce the dependency on fossil fuels. Therefore, it is essential to look
for new alternatives that are environmentally sustainable to minimize the environmental
impact of energy generation by prioritizing renewable solutions.1 The market for thermoelectric
generators continues to expand year after year. The adoption of decarbonization technologies
to minimize greenhouse emissions is one of the main factors driving this market growth. 2 A
study release by McKinsey & Company projects that energy consumption will double by 2050,
while renewables are projected to make up over 50% of generation by 2035 and close to 75%
by 2050, which is a clear break from historical fossil fuel-based generation. Gas is the only fossil
fuel that continues to grow its share of global energy demand before platooning after 2035.
Carbon emissions are projected to decline due to decreasing coal demand, however the
projections are still far from the 2-degree pathway Pledge to limit global warming to 2 degrees
by 2100).3

1

Figure 1. Global share power generation by power source from 2016 to 2050. 3

Other factors driving the growth in the thermoelectric generator market include the
rapid commercialization of thermoelectric generators in the automotive industry, as well as
recent advancements in thermoelectric materials. The thermoelectric generator market value
was measured in USD 460 million in 2019, and with a compound annual growth rate (GAGR) of
8.3% the projected market value for 2025 is around USD 741 million. North America is
projected to capture the highest revenue during this period.2

2

Figure 2. Thermoelectric generators market value projection by region (USD million) 2

1.1.2 Applications and Waste Heat Recovery
Thermoelectric Generators offer large flexibility of applications because these devices can
function in many different environments with low to no maintenance required and in harsh
conditions. One of the most notable applications for thermoelectric power generators is in deep
space missions. Radioisotope thermoelectric generators (RTGs) are a specific type of
thermoelectric generator used for this type of applications.4 The working principle is the same as
other TEGs, but the RTGs use heat from the decay of radioactive materials (Plutonium is 238
commonly used) as heat source. This type of TEG is required for deep space missions because
some of the space probes and rovers sent to space are too far from the sun to be powered by
solar energy. Another reason for using RTGs is that TEGs in general are very reliable and rarely
require maintenance since there are no moving parts in the generator, which is a fundamental
requirement when the equipment is billions of miles away from earth. There are RTGs that have
been deployed to space over 40 years ago they are still in operation without any kind of
maintenance.5 Some of the missions which used RTGs include destination such as the moon
(Apollo), Mars, (Viking-1,2), and deep space exploration (Pioneer-10,11, voyager-1,2).6 7
On earth, there are several everyday use applications that take advantage of TEGs such
as TEG integration with wood stove. More than 1.6 billion people lack access to electricity on

3

earth, so this integration can provide electricity not only an electric fan to increase the ratio of
air to fuel to achieve complete combustion in the stoves, but also to power light, phones, and
other electronics.8 TEGs have also been used for applications such as gas pipelines, wellheads,
offshore platforms, telecommunication sites, and for security surveillance and monitoring in
environments where the temperature can vary from -40 to 55 ⁰C under extreme weather and in
complete darkness.9

10

Consumer electronics such as smartwatches, smart glasses, and fitness

trackers can also take advantage of thermoelectric generators to eliminate the need to charge
these devices.11 12 In the medical field, TEGs can also be embedded in a biological body to supply
electronic power in the long term for an implantable medical device such as a pacemakers, brain
stimulators, insulin pumps, gastric stimulators, etc. This approach avoids the need of surgery to
have the device’s batteries replaced every so often.13 14 Another application that has drawn great
attention is the implementation of TEGs in cars to use the exhaust gas as heat source. Studies
have estimated that recovering about 6% of the waste heat could lead to an overall reduction of
fuel consumption of 10%. Recycling the exhaust gas from vehicle can not only enhance fuel
consumption efficiency, but also reduce air pollution.15 16
One of the main applications when it comes to thermoelectric generators is the potential
to recover waste heat. Waste heat recovery is thought to be one of the best possible solutions
to the transition to more environmentally friendly energy generation. The estimated energy
consumption in the US for the year 2020 shows that more than 62% of the total produced energy
is rejected to the environment with most of the energy taking the form of waste heat, such as
warm exhaust from automobiles and furnaces.17
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Figure 3. Estimated U.S. Energy Consumption in 202017

Data made available from the U.S. Department of Energy estimated that 20-50% of the
energy in power plants is removed into the atmosphere as waste heat. This includes hot flue
gases, cooling water, heat loss from equipment hot surfaces or heated products.18 19 In addition,
an opportunity analysis published by the Pacific Northwest National Laboratory (PNNL) focused
on the energy content of U.S. Industry’s thermal emissions showed that an energy recovery
varying from 10 to 15% for various industry areas could lead to an economic benefit of more than
$5 Billion per year. The largest monetary benefit would come from waste heat recovery from
gases and liquids in chemicals, petroleum, and forest products, including hot gas cleanup and
dehydration of liquid waste streams, with an economic benefit of over $2 Billion dollars.20
Industries can greatly benefit from the advantages of thermoelectric generators when it comes
to increasing energy system sufficiency, energy production, means of transport, and quality of
life. TEGs allow what was going to be lost thermal energy to be recovered so that power can be
produced in extreme environments and remote areas. Waste heat is one of the many possible
by-products of energy production can be used to improve the efficiency of power production or
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even to power other devices. Powerplants are a great example of an industry that could greatly
benefit from thermoelectric generators due to its high temperature operational temperature.
Reutilizing the waste heat being removed to the atmosphere using thermoelectric
generators is also great way to increase energy efficiency of manufacturing processes. Studies
have been published regarding the introduction of thermoelectric generators for different
industries sectors such as the steel and cement making industry with results showing that more
than 30% of the energy that is being lost to the environment can be recovered through the
implementation of TEGs.21

22

There has also been efforts focused on combining fuel cells and

thermoelectric generators technology to enhance the power output of the system. On a recent
study, Guo, et all. Presented a combined system model consisting of a high temperature polymer
electrolyte membrane fuel cell (HT-PEMFC), a regenerator, and a thermoelectric generator. The
study showed that a 12.4% higher energy efficiency was achieved by using the combined system
when compared to a regular HT-PEMFC.23

1.1.3 History of the Thermoelectric Effect
In 1821, the Estonian-German Physicist, Thomas J. Seebeck was studying the magnetic
properties of a closed loop when he accidentally discovered thermoelectricity. His experiment
consisted of two wires made of copper and bismuth joined together forming a loop. When T.
Seebeck heated one junction to a temperature and the other junction remained at a cooler
temperature, he observed a magnetic field around the loop. At the time, the physicist used the
term thermos-magnetism to describe the phenomena. Later, he described this observation as
“the magnetic polarization of metals and ores produced by a temperature difference”. Although
the physicist explained his discovery incorrectly, T. Seebeck was later credited with the discovery
of the thermoelectric effect, also known as the Seebeck effect. 24 A few years later in 1834, the
watchmaker and part time physicist Jean Charles Peltier noticed that an electrical current
produced either heating or cooling at a junction of two dissimilar metals. It was later realized that
that depending on the direction of current flow, heat could be generated or removed from the
junction and that that heat was proportional to the electrical current. This proportional
relationship is now known as the Peltier effect.25 Twenty years later, William Thomson explained
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the relationship between the Seebeck and Peltier effects (known as the Kelvin relationship)
through thermodynamics. This derivation predicted a third thermoelectric effect now known as
the Thomson effect. The Thomson effect happens when heat is absorbed or produced when
current flows in a material with a temperature gradient. The heat is proportional to both the
electric current and the temperature gradient.26

1.1.4 Semiconductors and types of Thermoelectric Materials
Materials can be classified based on the ability to conduct current as insulators,
conductors, and semiconductors. Rubber is a common insulator material and just like other
insulating materials, it possesses a very high resistance to current flow. Conductors include
most metals in the world and have a very low resistance. Semiconductor materials find
themselves somewhat in the middle so that their resistance to current flow is neither very high
nor very low. The difference in resistivity of these materials are attributed to an important
property called bandgap. The bandgap is the energy required to break a covalent bond within
the crystals. Materials with larger bandgaps exhibit higher resistance to current flow because
they require more energy to break bonds causing electrons to be free to move.27 28
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Figure 4. Band diagrams for different types of materials. a) a metal where the lowest occupied band is half filled b)
a semimetal with a band overlap, distinguished as orange in the picture c) a semiconductor with a small bandgap
that allows excitation of electrons d) an insulator where band is filled and a big bandgap 29

An important characteristic of semiconductors is that their resistance is very sensitive to
added impurities and to temperature. Adding small amounts of impurities to semiconductors
shifts the balance between electrons and holes in the material. Semiconductors can be
classified as N-type or P-type semiconductors depending if the main charge carriers are
electrons or holes. The majority charge carriers in N-type semiconductors are electrons, while
in P-type semiconductors the majority charge carriers are holes. In thermoelectricity, materials
exhibit either negative or positive Seebeck coefficients, and the sign of the coefficient also
determines if a material is N or P-type. N-type materials have a negative Seebeck coefficient
and P-type materials have a positive Seebeck coefficient.27 Another difference between P and
N-type semiconductors is their Fermi levels. The Fermi level is the highest energy level that an
electron can occupy at absolute zero is an energy quantity that lies between the valence and
conduction band.30 For P-type materials, the Fermi level is located closer to the valence band,
while for N-type materials the Fermi level is closer to the conduction band as shown in Figure 5.
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Figure 5. Fermi Level for a) P-type materials and b) N-type materials31

1.1.5 Working Principle
The thermoelectric effect is the direct conversion of temperature differences to electric
voltage and vice versa.32 This thesis is focused on the first mentioned thermoelectric effect, the
Seebeck Effect. To understand how the Seebeck effect works, consider a single material in a
temperature gradient. The material is going to experience an electrical potential caused by the
variation in the density of free electrons in the material. Electrons in the high-temperature
region of the material have higher kinetic energy than electrons in the low-temperature region.
The diffusion of these electrons causes a potential difference along the material that
experiences temperature gradient. The magnitude of the potential different is affected by the
composition of the material, its state, and the absolute temperature of the material.33 34
Depending on the properties of the material, this effect will have greater magnitude than other
materials.
When two dissimilar materials are united by a hot junction forming a thermocouple, a
difference in voltage between the two materials called thermoelectric voltage can be observed.
The magnitude of the TE voltage is proportional to the difference between the thermocouple
junction and that at the connections to the measuring device.35 In terms of thermoelectric
materials, they possess the ability to convert thermal energy into electrical energy through the
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Seebeck effect.36 This diffusion of charge carriers when a material is subjected to a temperature
gradient is shown in Figure 6.

Figure 6. Electron kinetics within a metal before and after a temperature gradient is applied 37

A thermoelectric generator (TEG) is a type of power generator composed of
thermoelectric couples. A thermoelectric module consists of two semiconductor materials, a ptype, and an n-type. These two different types of semiconductors are connected electrically in
series to amplify the Seebeck voltage, and this connection is generally done by a metallic
interconnection that must be an excellent electrical conductor. The semiconductors are
connected thermally in parallel to allow a temperature gradient to be created across both P and
N-type materials.38 39 The thermoelectric couples often sit on ceramic based substrates to
decrease heat transfer and obtain a higher temperature difference between the hot and cold
junctions.40 One side of the of the TEG (Top or bottom) is connected to a heat source and the
other side is connected to a heat sink. The electrical connection between the semiconductors
enables the transfer of electrons from one semiconductor to the other, allowing the current
flow.37
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A thermoelectric module is comprised of several thermoelectric couples generating
current when heat is applied to one side of the thermoelectric generator. This process is possible
because of the Seebeck effect. However, this same device can be used in “reverse” mode due to
the Peltier effect. As described in section 1.1, this effect is the phenomena that when there is a
current in the circuit, the joint of different semiconductors absorbs or rejects the heat depending
on the direction of the current.41

Figure 7. Circuit configuration for generator (left) and cooler (right) applications 42

These two phenomena (Seebeck and Peltier effect) allow these thermoelectric devices to
be used either as thermoelectric generators (TEGs) or thermoelectric coolers (TECs) by grouping
several thermoelectric couples as shown in Figure 8.
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Figure 8. Common thermoelectric module consisting of different semiconductors that are connected thermally in
parallel and electrically in series.37

1.2 Thermoelectric Figure of Merit
As explained in previous sections, a thermoelectric device operates under a temperature
gradient. The maximum efficiency ƞ of a thermoelectric device is traditionally characterized by
the thermoelectric figure of merit ZT, with the overall maximum efficiency of the generator being
limited by the Carnot factor, ΔT/Th:

∆𝑇 √1 + 𝑍𝑇 − 1
ƞ=
𝑇ℎ 1 + 𝑍𝑇 + 𝑇𝑐
√
𝑇

(1)

ℎ

Where Th [K] is the temperature on the hot side of the thermoelectric device (exposed to a heat
source), Tc [K] is the temperature on the cold side of the thermoelectric device (exposed to a heat
sink).43 Equation 1 shows that in order to maximize the efficiency of a thermoelectric device, a
higher ZT value and larger ∆T are desired. Figure 9 illustrates the relationship between the heat
source temperature Th and the power generation efficiency for different ZT values.
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Figure 9. Thermoelectric power generation efficiency versus Thot (Tcold = 300 K). Efficiency for conventional
mechanical engines as well as the Carnot limit and the Curzon-Ahlborn limit are also shown.44

The performance of materials used in thermoelectric devices for either power generation or
cooling is determined by the thermoelectric figure of merit Z [T-1], which can be multiplied by the
operating temperature to obtain the widely used dimensionless figure of merit ZT45, given by
equation 2

𝑆2
𝑆2
𝑍𝑇 =
𝑇=
𝑇
𝜌(𝑒𝑙 + 𝑝ℎ)
𝜌𝑡𝑜𝑡𝑎𝑙

(2)

Where S [V/K] is the Seebeck coefficient,  [Ωm] is the electrical resistivity, total is the total
thermal conductivity [W/m K], which includes the electron el and phonon ph contributions, and
T is the absolute temperature at the specified operating temperature.46 The ZT equation is often
written using the inverse of the electrical resistivity (electrical conductivity). This allows the
introduction of a convenient parameter to describe the electrical properties of a material, called
the Power factor (PF) [W/mK2]. The power factor is simply the product of the electrical
conductivity σ [S/m] and the Seebeck coefficient squared.
13

𝑍𝑇 =

𝜎𝑆 2

𝑡𝑜𝑡𝑎𝑙

𝑇=

𝑃𝐹

𝑡𝑜𝑡𝑎𝑙

𝑇

(3)

The figure of merit ZT is a key parameter to improve the efficiency of thermoelectric
materials, so it is important to understand the properties that constitute the ZT value. The power
factor encapsules the electrical conductivity and the Seebeck coefficient. The electrical
conductivity can be described by the following equation:

𝜎 = 𝑛𝑒µ

(4)

Where n is the carrier concentration [m-3], e is the electron charge (1.602 x 10-19 coulombs), and
µ is the carrier mobility [m2/Vs]. The Seebeck coefficient can be described by:

8𝜋 2 𝑘𝐵2 ∗ 𝜋 2/3
𝑆=
𝑚 𝑇( )
3𝑒ℎ2
3𝑛

(5)

Where kB is the Boltzman constant (1.38 x 10-23 m2 Kg s-2 K-1), e is the electron charge [C], h is
planck’s constant (6.623 x 10-34 J s), m* is the carrier effective mass [Kg], T is the operating
temperature, and n is the carrier concentration [m-3].47 The second term included in the ZT
equation is the total thermal conductivity. This term holds contributions from electrons kel and
phonons kph. The electron contribution is directly affected by n through the Wiedemann-Franz
relation described by the following equation48:

𝑘𝑒𝑙 =

𝐿𝑇
= 𝐿𝑛𝑒µ𝑇
𝜌

(6)
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Where L is the Lorenz number (2.44 x 10-8 WΩK-2), n is the carrier concentration [m-3], e is the
electron charge [C], µ is the carrier mobility [m2/(Vs)], and T is the operating temperature. The
phonon contribution has little dependency on the carrier concentration n, and it is the only
parameter not determined by the electronic structure. The Kinect theory provides a good
approximation of the lattice thermal conductivity:

𝑘𝑝ℎ =

1
𝐶 𝑙𝑣
3 𝑣 𝑠

(7)

Where Cv is the specific heat at a constant volume [JKg-1K-1], l is the mean free path of the phonons
[m], and vs is the sound velocity [m/s].49

1.3 Improving Thermoelectric Performance in Thermoelectric Materials
Improving the performance of thermoelectric a material means increasing its figure of
merit ZT. There are several different approaches that have been studied theoretically and
experimentally on how to achieve this. As discussed on the previous section, the three
properties involved on the figure of merit ZT equation are the Seebeck coefficient, electrical
conductivity, and the thermal conductivity. Classical and quantum physics approaches have
been studied to improve each of these three properties to achieve a higher ZT value. For
example, to increase the Seebeck coefficient of a thermoelectric material, classical physics
approaches include electron scattering and energy filtering, while the quantum physics
approach involves modifying the density of states of the involved elements. Classical
approaches used to increase the electrical conductivity include increasing the carrier
concentration, mobility of these carriers, and reducing the band gap of the material. Modifying
the density of states is also a possible quantum approach for the electrical conductivity.
Quantum approaches studied to improve the thermal conductivity involve introduction of
phonon scattering centers and increase of grain boundaries (GB).50
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Figure 10. Different approaches to increase the Figure of Merit ZT of thermoelectric materials taking into account
classical physics and quantum physics.54

One of the main challenges to improve the figure of merit ZT is that the Seebeck
coefficient, electrical conductivity, and thermal conductivity are interrelated in such a way that
it is difficult to increase one without affecting the others. In other words, a compromise needs
to be reached to find the maximum ZT value. As shown in Figure 11, the carrier density of a
material is closely related to the key properties of a thermoelectric material. Increasing the
carrier density of a material will reduce the Seebeck coefficient, while increasing the electrical
conductivity and thermal conductivity. The band structure of the material is what defines the
charge carrier density and charge mobility. A change in one of these parameters will
consequently influence all the other properties of the material.51
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Figure 11. Thermoelectric parameters: Seebeck coefficient α (red), isothermal electrical conductivity σ (black),
phononic and electrical part of the heat conductivity ph, el (blue), power factor 2 (orange, PF) and figure-of-merit
ZT (green) as a function of the charge carrier density n 51

Three strategies have been widely adopted to achieve the optimum ZT value: (a) find
new materials with complex band structures such as heavy fermion compounds, which leads to
an increase in Seebeck coefficient while maintaining the electrical conductivity and electron
contribution to the thermal conductivity relatively unchanged; (b) controlling the disorder in
materials that can be considered electron crystals and phonon glasses such as skutterudites or
Clathrates. Materials like these present a rattling effect that causes an increase in electrical
conductivity and a decrease in the phonon contribution to the thermal conductivity; (c) nanostructuring of the material, leading to an increase in Seebeck coefficient attributed to electron
filtering. The introduction of barriers limits electron motion through the semiconductor only
allowing electrons with sufficient high energy to go over these barriers. Having only high energy
electrons contributing to the conduction of the material dramatically improves the Seebeck
17

coefficient while decreasing slightly the electrical conductivity.52 Nano-structuring can also lead
to a decrease in phonon contribution to the thermal conductivity due to the scattering of
phonons at the interfaces. The scattering of medium to large wavelength phonons can be done
by adding nanoparticles throughout the material, by increasing the number of grain boundaries,
or by adding heavy elements to the material as shown in Figure 12 .53 The nano-structuring
approach is responsible for the most recent improvements to the figure of merit for
thermoelectric materials.54

Figure 12. Schematic diagram illustrating various phonon scattering mechanisms within a thermoelectric material,
along with electronic transport of hot and cold electrons. 53

1.4 Oxides as Thermoelectric Materials
Conventional state-of-the art thermoelectric materials such as BiTe and SiGe have been
widely used in many applications. This is mainly due to their high figure of merit ZT for a wide
range of temperatures as shown in

18

Figure 13. 7. Some of the widely used TE materials with their operating temperature and figureof-merit, ZT. (a) ntype TE materials; (b) p-type TE materials. 55

As mentioned in previous sections, thermoelectric materials are used in thermoelectric
generators (TEGs) for space probes and other remote terrestrial locations, such as light houses
or beacons. However, a large number of these devices currently use toxic materials as
thermoelectric materials and are being decommissioned due to environmental concerns.56 On
top of that conventional state-of-the art thermoelectric materials are often expensive due to the
low abundance of raw materials in nature as shown in Figure 14, and present poor stability at
high temperatures and in oxidizing conditions.57
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Figure 14. (a) Schematic comparison of various thermoelectric materials for applications of waste heat harvest and
refrigeration, in terms of temperature range of operation and the abundance, and environmental friendliness of
constituent elements (b) The abundance of elements used un TE materials, the elements represented by darkcolored columns are <1 ppm.61

Non-toxic alternative materials have been studied to replace toxic materials for applications on
earth. P-type oxide materials particularly have drawn great attention recently because of its
unique properties.58 The term oxide material is defined by a material containing at least one
20

oxygen atom and one other non-oxygen element in its crystal structure. Oxides show the widest
range of electrical properties. Some of these materials show good electrical insulation with
electrical resistivity  higher than 1014 Ωcm. However, some oxides also show extremely high
electrical conductivity. Such property is often found in both metal-like and semiconductor-like
behavior.59 The discovery of oxide materials with large thermopower, S, has renewed interest
in these non-toxic materials. In particular, the discovery of thermoelectric oxide materials
capable of resisting oxidation or decomposition at high temperatures when compared to
conventional intermetallic materials such as SiGe and Bi2Te3. Since the first reported
thermoelectric oxide NaCo2O4, a variety of new oxide materials such as Ca3Co4O9, ZnO, SrTiO3,
and Bi/Sr/Co/O exhibiting both high performance and environmental stability at high
temperatures have been intensively studied.60 These materials have proven to be promising for
high-temperature applications, being thermally and chemically stable at these high
temperatures.. In general, oxides are easy and low-cost to prepare because of the wide
abundance of the raw materials in nature. Oxides are also environmentally friendly and nontoxic. Such materials also offer chemical versatility and structural intricacy which translates in
great flexibility of structural and compositional tailoring.59 As shown in Figure 14, oxides stack very
well in terms of operational temperature and environmental friendliness when compared to
other stablished types of TE materials.61
From these new reported oxide materials, the most promising p-type oxide
thermoelectric materials are those based on alkali or alkaline-earth cobaltite compounds that
form layered structures. These compounds have large Seebeck coefficients, which is attributed
to the low spin state of Co3+. 62 63

1.5 Calcium Cobaltite Ca3Co4O9 as a Thermoelectric Material
1.5.1 First Publications
Ca3Co4O9 has been studied for decades now, with publications going back to as
early as 1970 when Woerman et all. publish a study regarding the phase equilibrium diagram for
the CaO-colbalt oxide in air.64 However, the first studies about the thermoelectric properties and
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detailed analysis of the layer structure of Ca3Co4O9 only started being published in the early
2000s. Miyazaki et all. and Masset et all. were one of the first studies published regarding the
thermoelectric performance and detailed structure of CCO. Miyazaki et all. study reported a
Seebeck coefficient of 133 µV/K, an electrical resistivity of 15 mΩcm, a thermal conductivity of
9.8 W/Kcm and a figure of merit ZT of 0.035, at 300 K.65 Masset et all. study was more focused
on the structure of the material, but the thermoelectric power was also measured and reported
a value of 125 µV/K at 300K. The value was similar to the result reported by Woerman et all. of
133 µV/K.

1.5.2 Phase diagram of Ca3Co4O9
Woermann et all published one of the first studies regarding CCO. The 1970 study
focused on the system CaO-cobalt oxide in air for the temperature range of around 800-1500
⁰C. The study concluded that the only crystalline phases existing in equilibrium with liquids in
the system were lime solid solution and CoO solid solution, and that the eutectic temperate in
air was 1350 ⁰C.64
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Figure 15. Phase equilibrium diagram for the system CaO-cobalt oxide in air, as determined in the present
investigation64

In a more recent study, Sedmidubsky et all published the phase equilibria in the ternary
Ca-Co-O system for both air and oxygen environment with focus on the misfit cobaltite
Ca3Co3.93O9.36 as a potential candidate for high temperature thermoelectric applicaitons. The
study concluded that the homogeneity range of the misfit phase became narrower with the
increase in temperature until the region ended in a single point at the decomposition
temperature and simultaneously slighly diverged towards Co-rich compostion. As shown in
Figure 16, the maximum temperature for the ideal misfit region is elevated with the oxygen

environment.
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Figure 16. Calculated diagram of Ca-Co-o system for fixed oxygen activity (a) PO2 = 0.21 (air atmosphere) and (b)
PO2 = 1.0 (oxygen atmosphere)66

1.5.3 Crystal Structure of Ca3Co4O9
Ca3Co4O9 is a misfit-layered oxide consisting of two monoclinic systems with identical a,
c, and β lattice parameters, but different b parameters. The structure was identified as built up
from stacking along c of triple rock salt-type layers Ca2CoO3 (first subsystem) with CoO2 layers
(second subsystem).67 The mismatch between the subsystems causes CCO to have different b
lattice parameters for each subsystem (b1 and b2).68 69 CCO’s crystal structure has been studied
to understand how each subsystem affects the material’s properties. The CoO2 planes provide a
path for p-type electronic conduction. The charge transport is attributed to the hopping of
holes from Co+4 to Co3+. This causes these materials to have good electrical conductivity, which
is a desirable characteristic for thermoelectric materials. The interface between the CO2 and the
Ca2CoO3 layers offers a disruption in the heat transfer by lattice phonons reducing the thermal
conductivity, which is another key parameter in improving the performance of such materials.70
The strong modulation and long-distance bonds inhibit charge hopping making this an
insulating layer and charge reservoir supplying charges to the CoO2 layer.71 It is challenging to
control an electronic system and a phonon system simultaneously in a simple crystalline field,
CCO’s complex crystal structure composed of more than two nano blocks with different
24

compositions and structural symmetries (hybrid crystal) is considered to be effective in
controlling electron and phonon transport separately.72

Figure 17. Schematic structure of Ca3Co4O969

1.6 Doping Ca3Co4O9 with Rare-earth Elements
Doping the Ca-Co-O system has been appointed as a promising approach in improving
the thermoelectric performance of the material. It has been reported that partial substitution
for Ca by heavier ions with trivalence such as Eu3+, Nd3+,Y3+,Yb,3+,and Gd3+ is effective in
improving thermoelectric properties.73 Heterovalent substitution of Ln3+ (Ln being a rare-earth
element) cations for Ca2+ in Ca3Co4O9+δ reduces the concentration of majority charge carriers
(holes) in the resultant Ca3-xLnxCo4O9+δ.74 As illustrated in Figure 11, reducing the charge carrier
concentration leads to an increase in Seebeck coefficient, decrease in electrical conductivity,
and thermal conductivity. It has been determined that filling the large void space with rareearth or other heavy atoms showed that there is a clear correlation with the size and
vibrational motion of the filling atom and the thermal conductivity leading to significant impact
on ZT values.75
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Doping Ca3Co4O9 with rare-earth elements has also shown to change the structure of
the material. Klyndyuk et all. Demonstrated that a decrease in the ionic radius of the Ln3+ cation
substituted for Ca2+ leads to a contraction of the unit cell of the resultant Ca2.8Ln0.2CoO9+δ solid
solution along the a and c axes. It was also noticed a decrease in β, a slight decrease in b1 and a
slight increase in b2. As a result, the decrease in the ionic radius of Ln 3+ is accompanied by a
decrease in the unit-cell volume of the Ca2.8Ln0.2CoO9+δ solid solutions, and a slight reduction
of the incommensurability parameter of the crystal structure (b1/b2). In other words, the b1/b2
ratio decreases with the decrease in radius of Ln3+.74
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Chapter 2: Research Objectives and Methodology
Different approaches are available to improve the thermoelectric performance of
thermoelectric materials using classical and quantum physics. These approaches can be used
for different types of TE materials including ceramic oxides. As mentioned in the previous
section, doping ceramic oxides such as Ca3Co4O9 with certain elements show an impact in
thermoelectric properties directly affecting the thermoelectric performance of these materials.
Taking this approach into account, the overall object of this research is to improve the Seebeck
coefficient and consequently the thermoelectric performance of Calcium Cobaltite (Ca 3Co4O9)
through introduction of rare-earth elements. This was done by increasing the Seebeck
coefficient via rare-earth single elements doping using stoichiometric substitution and nonstoichiometric addition. Another goal was to tune the thermal conductivity of calcium cobaltite
via rare-earth stoichiometric dual substitution. The overall experimental procedure for the
preparation, testing, and characterization of the materials is discussed in Chapter 3. Each
chapter following chapter 3 discusses specific experimental procedures for each chemistry
composition and testing adopted for the material. The procedure is aimed to be a simple and
cheap process and involves the classical sol-gel processing for precursors and conventional
cold-pressing pelletization. Studies have shown that synthesizing CCO via sol-gel route
promotes fine-grained powders of homogeneous composition and reduces the formation of
secondary phases on CCO. It also provides the possibility to intersperse the utilized cations on a
molecular level as well as introduce dopants into its composition.76 77 Cold-pressing pressing is
not only one of the simpler techniques for palletization but it also provides the best
thermoelectric properties to the final sample because of the high porosity displayed by the
samples and small grains with plate-like shapes resulting in higher ZT values. 78 The testing
stage involves electrical and thermal properties measurements such as electrical resistivity,
Seebeck coefficient, power factor, thermal conductivity, and figure of merit ZT. For the material
characterization, light microscope and scanning electron microscope were used for image
taking, and X-Ray powder diffraction to analyze the material’s crystal structure.
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In chapter 4, the rare-earth element Praseodymium (Pr) is introduced to Ca3Co4O9 by
stoichiometric substitution. As discussed in section 1.6 of this work, doping CCO with heavier
ions with trivalence has been shown to be an effective way to improve the thermoelectric
performance of CCO.73 The substitution has showed to lead to an increase in Seebeck
coefficient due to the decrease in charger carrier and suppression of the contribution of
thermal lattice by providing phonon scattering events leading to a decrease in thermal
conductivity.79 The substitution of Praseodymium, which is a rare-earth element with 140
atomic mass, 113 and 99 ionic radius, and valence states 3+ and 4+ for Calcium, which has an
atomic weight of 40 u and valence state 2+ was studied in this chapter. Electrical and thermal
properties, microstructure and crystal structure were reported.
In chapter 5, the rare-earth element Erbium (Er) is introduced to Ca3Co4O9 also by
stoichiometric substitution. Erbium is also a rare-earth element with 167 atomic mass, 103 ionic
radius, and valence state 3+. Like Praseodymium, the substitution of Ca2+ for a heavier element
is expected to improve the thermoelectric performance by an enhanced Seebeck coefficient
and thermal conductivity. In this chapter, the substitution of Erbium for Calcium in CCO was
studied. The electrical properties, microstructure, and crystal structure were reported.
In chapter 6, the rare-earth element Erbium (Er) is once again introduced to Ca3Co4O9,
but this time by non-stoichiometric addition. This method has not been explored as much as
stoichiometric substitution on the Ca or Co site for Ca3Co4O9 , but in some cases it has the
dopant has shown to segregate at the grain boundary reducing the electrical resistivity and
increasing the Seebeck coefficient at the same time, resulting in a large increase in power
factor.80. In this chapter, the non-stoichiometric addition of Erbium was studied. The electrical
properties, microstructure, and crystal structure were reported.
In chapter 7, the rare-earth element Samarium (Sm) is introduced to Ca3Co4O9 also by nonstoichiometric addition. Samarium is also a rare-earth element with 150 atomic mass, 136 and
109.8 ionic radius, and valence states 2+ and 3+. Non-stoichiometric addition of Samarium to
Ca3Co4O9 has not been reported yet in the literature, so there is a great motivation to verify if
Samarium can segregate at the grain boundary due to its large ionic radius. This could result in
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an improvement in electrical transport mechanisms in CCO by simultaneously improving the
Seebeck coefficient and electrical conductivity. The electrical properties, thermal properties,
microstructure, and crystal structure were reported.
In chapter 8, two rare-earth elements (Terbium and Praseodymium) are introduced to
Ca3Co4O9 by cation dual substitution. It has been reported that dual doping in Ca3Co4O9 can
cause a significant decrease in thermal conductivity by reducing the phonon mean free path81,
while maintaining good electrical conductivity. In this chapter, the stoichiometric dual
substitution of the rare-earth elements Terbium (106 atomic mass, 106.3 and 90 ionic radius,
and 3+,4+ valence state) and Praseodymium were studied. The electrical properties, thermal
properties, microstructure, and crystal structure were reported.
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Chapter 3: Experimental Procedure
3.1 Ca3Co4O9 Synthesis
The method chosen for the precursor powder preparation was the conventional sol-gel
chemical solution. The sol-gel chemical solution route offers lower fabrication cost and simpler
control of stoichiometry when compared to other routes such as solid-state reaction.82 The
precursor powder was obtained by mixing the chemical agents Ca(NO3)2·4H2O (99+%, Acros
Organics), Co(NO3)2·6H2O (99%, Acros Organics), and the chosen doping element such as
Pr(NO3)3·6H2O (99.9%, Strem Chemicals), Tb(NO3)3·6H2O (99.9% Strem Chemicals), and
Er(NO3)3·(H2O)x (99.9% Strem Chemicals) with deionized water following the stoichiometric
ratios. The specific amounts of doping elements will be discussed on later chapters. This was
followed by the addition of citric acid (BDH Chemical), ethylene glycol, and polyethylene glycol,
which were used to polymerize the mixture. Lastly, nitric acid was added to the solution to
facilitate the sol-gel synthesis, nitrate salts decomposition, and the new compound formation.83
The resultant liquid solution was placed in a silicone oil bath on a hot plate and mechanically
stirred at 353 K for 3 hours to obtain a sol-gel solution. The solution was distributed into
ceramic crucibles and placed into a box furnace. The sol-gel solution was heated in air at 773 K
for 5 h to ensure that any inorganic material was removed from the solution. The resultant ash
was hand crushed in mortar and pestle, then ball-milled in ethyl alcohol and stainless-steel
spheres for 20 min with alternating intervals of 1 min milling and 1 min resting to allow heat to
be dissipated. The solution was left overnight to dry naturally and then was once again hand
crushed in mortar and pestle. The resultant powder was calcined in a tube furnace to achieve
the Ca3Co4O9 crystal structure in an oxygen rich environment with a ramp up of 10 K per minute
until a temperature of 973 K was achieved. The temperature was held for 4 hours and then
cooled with a ramp down also of 10 k per minute. The powders were then uniaxially pressed
into round pellets at room temperature under a pressure of 1 GPa. The pellets were also
sintered in a tube furnace in an oxygen rich environment with a ramp up of 10 K per minute
until a temperature of 1233 K was achieved. The temperature was held for 9 hours then cooled
with a ramp down of 4 K per minute until room temperature was reached. The final samples
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had their apparent density measured and were cut into the desired shapes for testing. The
sample preparation procedure is illustrated in Figure 18.

Figure 18. Sample preparation, testing and characterization flowchart

3.2 Electrical Properties Measurement
For electrical properties measurement purposes, calcined powders were pressed using a
9 mm mold with a desired thickness of around 2 mm. The machine used for the electrical
properties measurements was a Linseis LSR-110. 0 Prior to the measurements, the samples
were cut into rectangular shapes with approximately 8.5 mm in length, 4 mm width, and 2 mm
thick to fit the machine sample size requirements. CAD models of the uncut and the cut readyto-test samples can be seen in Figure 19.
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Figure 19. Pressed sample a) before cutting and b) after cutting for electrical properties measurement

The Linseis LSR-110 uses a four-probe set up with two electrodes and two
thermocouples to take the measurements. To measure the Seebeck coefficient of the material
the heating element heats up on side of the sample until a specified temperature, then the two
middle probes measure the difference in temperature across a section of the sample. Also, one
of the two thermocouple leads is used to measure the electromotive force dE (Thermovoltage).
The Seebeck coefficient is then calculated by the machine software using the following
equation:

𝑆=

−𝑉𝑡ℎ
𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑

(8)

To measure the electrical resistivity (or electrical conductivity), a constant direct current is
impressed into the sample by means of the two electrodes. The resulting voltage drop VΩ over a
section that equals the distance between the two probes is measured using one of the two
thermocouple wires. The software can then calculate the resistance with the following
equation:

𝜌=

𝑉𝛺 𝐴
𝐼𝐷𝐶 𝐿

(9)
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Illustrations of the four-probe set up used by the Linseis LSR-110 for the Seebeck and electrical
resistivity measurements is shown in Figure 20.

Figure 20. Four-probe set up for Seebeck and electrical resistivity measurements

34

3.3 Thermal Properties Measurement
For thermal properties measurement purposes, sintered calcined powders were pressed
using a 13 mm mold with a desired thickness of around 14 mm. The machine used for the
thermal properties measurements was a Linseis Laser Flash Analyzer 1200. Prior to the
measurements, the samples were cut into rectangular shapes with approximately 14 mm in
length, 13 mm width, and 2 mm thickness. The sample was polished to achieve a circular shape
with a diameter of approximately 12 mm while maintaining the 2 mm thickness. CAS models of
the uncut and the cut and polished samples can be seen in Figure 21.

Figure 21. Figure 11. Pressed sample a) before cutting and b) after cutting for thermal properties measurement

The furnace of the Linseis Laser Flash Analyzer 1200 is held at predetermined
temperatures. The surface of the sample is irradiated with a programmed energy pulse (laser).
This energy results in a homogeneous temperature rise at the sample surface. The resulting
temperature rise of the rear surface is measured by a high-speed IR-detector and thermal
diffusivity values are computed from the temperature rise versus time data. The software
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computes the thermal diffusivity and the specific heat. The thermal conductivity of the material
can then be calculated by the following equation:

(𝑇) = 𝛼(𝑇) · (𝑇) · 𝐶𝑝 (𝑇)

(10)

Where  is the thermal diffusivity, Cp is the specific heat, and  is the density of the material.
An illustration of thermal properties measurement performed by the Linseis Laser Flash
Analyzer 1200 is shown in Figure 22.

Figure 22. Thermal properties measurement illustration.
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3.4 Microstructure and nanostructure Imaging
After the sintering process, the samples go to the light microscope to have the
morphology of the surface analyzed. This step is helpful not only to identify any impurities that
might have contaminated the sample, but also to determine if the sample was over doped. In
some cases, long grains can be observed by the naked eye and under the light microscope when
over doping occurs. The samples then have their surface and cross section morphology further
observed using a Scanning Electron Microscope (SEM) (Hitachi-S4700F). The samples are
mounted on a SEM sample holder using silver paste. Images were taken using x5K and x10K
zoom. And a 5.0 K voltage. The SEM imaging is crucial to determine both the grain size of the
material and the alignment (if any) of the grains in the cross-section analysis.

3.5 Crystal Structure Characterization
X-Ray Powder Diffraction was used to determine the crystal structure and the unit cell
dimensions. To achieve all possible random orientations and obtain diffraction peaks for all hlk
planes, sintered samples were fractured and ground until small particles were achieved. The
ground powders of all different doping levels were placed on round stages and a glass slide was
used to create a thin flat surface and analyzed with a spinning stage at the same time to reduce
error. The analysis was performed using a PANatycal X’Pert Pro XRD using k- radiation, 45 KV
tensions, 40 mA current, and a step size of 0.017 for the 2 angle. The data exported from the
PANatycal XRD was analyzed using WinPLOTR graphic tool for powder diffraction. The software
was used to find the Bragg angles for the planes (004), (020), (220), (203), and (110). These
angles were used to determine the lattice parameters of the material. CCO possess a
monoclinic structure, therefore the d spacing is determined by:

1
1
ℎ2 𝑘 2 𝑠𝑖𝑛2 𝛽 𝑙2 2ℎ𝑙𝑐𝑜𝑠𝛽
=
( +
+ 2−
)
𝑑2 𝑠𝑖𝑛2 𝛽 𝑎2
𝑏2
𝑐
𝑎𝑐

(11)
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Chapter 4: Enhancing the Seebeck Coefficient of Ca3Co4O9
through Praseodymium Stoichiometric Substitution
4.1 Experimental Procedure
The general experimental procedure for Ca3Co4O9 with Praseodymium substitution
followed the steps described on chapter 3 of this thesis. To analyze the changes in the material
with the introduction of Praseodymium, samples with an increasing content of Praseodymium
were fabricated with the following chemical composition: Ca3-xPrxCo4O9 with x = 0, 0.05, 0.1,
0.15, 0.2, 0.25. The chemical agents used to achieve these compositions were Ca(NO3)2·4H2O
(99+%, Acros Organics), Co(NO3)2·6H2O (99%, Acros Organics), and Pr(NO3)3·6H2O (99.9%, Strem
Chemicals).

4.2 Impact on Density of Praseodymium Doped Ca3Co4O9
The apparent densities for Praseodymium substituted samples are displayed in Table 1.
The density of polycrystalline Ca3Co4O9 baseline started at 3.882 g/cm3. The introduction of
Praseodymium to the system showed an increase in material density with a peak density of
4.112 g/cm3 for the sample with chemical composition Ca2.85Pr0.15Co4O9. This value represents
an increase of 5.92% in material density. After x=0.15 the sample density decreased while
maintaining a density above 4 g/cm3.
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Table 1. Measured material density of Ca3-xPrxCo4O9 with x = 0, 0.05, 0.1, 0.15, 0.20, 0.25.

4.3 Impact on Microstructure and Nanostructure of Praseodymium Doped Ca3Co4O9
The samples were fractured and prepared for Scanning Electron Microscope (SEM) analysis as
described on chapter 3. Images of the samples were taken for all doping levels of
Praseodymium for both the surface (plan view) and their cross sections. It can be seen from the
images that there was a slight reduction in grain size with the increase in Pr doping level. The
cross-section images displayed on Figure 24 show that an increase in Praseodymium content
had no effect on the grains alignment for Ca3-xPrxCo4O9. The yellow arrows indicate the pressing
direction of the samples. The decrease in grain size indicates an increase in grain boundary
energy. It has been shown that during microstructure evolution, relatively higher energy grain
boundaries are more likely to be shrinking while lower energy grain boundaries are more likely
to be growing. The grain boundary diffusivity is also affected by impurities. Impurities added to
the Grain boundary lower its energy facilitating its growth, which was not the case observed.84
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Figure 23. Scanning Electron Microscope (SEM) images of the top surface at x5.00 k zoom of Ca3-xPrxCo4O9. (x=0,
0.05, 0.1, 0.15, 0.20, 0.25).
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Figure 24. Scanning Electron Microscope (SEM) images of the cross section at x5.00 k zoom of Ca3-xPrxCo4O9. (x=0,
0.05, 0.1, 0.15, 0.20, 0.25).
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4.4 Impact on Crystal Structure of Praseodymium Doped Ca3Co4O9
The peaks obtained from X-Ray Powder Diffraction analysis are displayed in Figure 25.
The expected planes for Ca3-xPrxCo4O9 were indexed for all five doping concentrations and the
baseline material for comparison. The patterns were analyzed using WinPLOTR graphic tool for
powder diffraction to find the correspondent Braggs angles for the planes of interested as
described in the experimental section. The latticed petameters were calculated and displayed in
Table 2. The parameter b1 showed an overall increase in value with the increase in
Praseodymium content. The parameter b2 showed a small increase for small doping levels, and
a larger decrease for higher doping levels. The lattice parameters a and c both demonstrated an
overall decrease when compared to the baseline material, specially at higher Pr doping levels.
Lastly, the parameter β showed a small decrease in angle with the increase in Praseodymium
doping levels.

Figure 25. XRD patterns for Ca3-xPrxCo4O9 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25)
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Table 2. Lattice Parameters for Ca3-xPrxCo4O9 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25)

The lattice parameters were used to calculate the unit cell volume of Ca3-xPrxCo4O9. Since
the system is composed of two monoclinic structures, two separate unit cell volumes were
calculated using the different b1 and b2 parameters. The calculations showed a decrease in unit
cell volume for both the Ca2CoO3 and CoO2 layers. This could be explained by Praseodymium’s
smaller ionic radius when Pr4+ is present.
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Figure 26. Unit cell volume dependency on Praseodymium doping level for the Ca2CoO3 and CoO2 layers.

4.5 Impact on Thermoelectric Properties of Praseodymium Doped Ca3Co4O9
The electrical resistivity of samples of Ca3-xPrxCo4O9 with a Praseodymium (Pr)
content of x = 0, 0.05, 0.10, 0.15, 0.20, 0.25 were tested for temperatures ranging from 300K to
1100 K. For low temperatures, the sample with a praseodymium content of 0.05 showed very
little to no chance in electrical resistivity when compared to CCO baseline, starting at around 44
µΩm. The sample with a Pr content of 0.1 presented the lowest electrical resistivity of all samples
at low temperatures starting at around 41 µΩm. Increasing the Pr content above x = 0.10 resulted
in a gradual increase in electrical resistivity with the sample with Pr content x = 0.25 showing the
highest value starting at around 60 µΩm. At the high-temperature range, the increase in Pr
content in the samples resulted in a gradual change of behavior from metal to semiconductor
like behavior at the medium temperature range, which led to some of the lowest doping levels
having a lower electrical resistivity up to the Pr content x = 0.15. Samples with a Pr content of
x=0.20 and 0.25 showed a gradual increase in electrical resistivity with the Pr content of x=0.25
having the highest value at around 74 µΩm.
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Figure 27. Temperature dependence of electrical resistivity for Ca3-xPrxCo4O9

The Seebeck coefficient of samples of Ca3-xPrxCo4O9 with a Praseodymium (Pr) content of
x=0, 0.05, 0.10, 0.15, 0.20, 0.25 were also tested for temperatures ranging from 300K to 1100 K.
The baseline material showed an initial absolute Seebeck at low temperature of around 139 µV/K.
Almost no change was noticed for samples with a small content of Pr (0.05, 0.1), then a gradual
increase in Seebeck coefficient with the increase in Pr content, with the sample with the highest
Pr content (0.25) having the highest Seebeck value of around 154 µV/K. At high temperature, the
Seebeck coefficient values showed a gradual increase with the increase in Pr content. The range
varied from 206 to 218 µV/K, which translates to an increase of 5.82% on the Seebeck coefficient
from the baseline material.
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Figure 28.Temperature dependence of absolute Seebeck coefficient for Ca3-xPrxCo4O9

The Power factor of samples of Ca3-xPrxCo4O9 with a Praseodymium (Pr) content of x = 0,
0.05, 0.10, 0.15, 0.20, 0.25 were calculated for temperatures ranging from 300K to 1100 K. The
maximum power factor value increased with the increase in Praseodymium content up to a Pr
content of x=0.15. This sample presented the best balance between electrical resistivity and
Seebeck coefficient, resulting on a maximum power factor of about 0.72. This value is an
improvement of around 9.1% when compared to the maximum power factor value of 0.66
achieved by CCO baseline. Even though the Seebeck coefficient of the samples with Pr contents
of x=0.20 and 0.25 demonstrated the highest values, the high electrical resistivity of these
samples offset the benefit of a high Seebeck coefficient, making the power factor of the
samples decrease in value. The sample with Pr content of x=0.25 presented the lowest value of
0.63 at 1100 K for all tested samples. The sample with the highest Pr content (0.25) showed the
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lowest power factor value even though it showed the highest Seebeck coefficient of all samples
tested. This is attributed to the high electrical resistivity of the sample.

Figure 29. Temperature dependence of power factor for Ca3-xPrxCo4O9

The thermal conductivity of samples of Ca3-xPrxCo4O9 with a Praseodymium (Pr) content
of x = 0, 0.05, 0.10, 0.15 were tested for temperatures ranging from 300K to 1100 K. The thermal
conductivity showed a slight decrease with the increase in Pr content. At room temperature
Ca2.85Pr0.15Co4O9 exhibited a thermal conductivity of 1.818 W/mK, which translates to a decrease
of 6.9% in thermal conductivity when compared to the baseline material Ca3Co4O9.
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Figure 30. Temperature dependence of thermal conductivity for Ca3-xPrxCo4O9

It can be seen by breaking down the thermal conductivity into the phonon and electron
contributions that the electron contribution increases slightly as temperature increases. There
was almost no noticeable change in electron contribution with the increase in doping levels of
Praseodymium. The phonon contribution decreases substantially with increase in temperature,
and higher amounts of Pr doping showed to promote a higher decrease in the phonon
contribution to the thermal conductivity.
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Figure 31. Temperature dependence of the phonon and electrical contribution to the thermal conductivity for Ca3xPrxCo4O9

The figure of merit ZT of samples of Ca3-xPrxCo4O9 with a Praseodymium content of x = 0,
0.05, 0.10, 0.15 were calculated for temperatures ranging from 300K to 1100 K. The samples
showed an increase in ZT value with the increase in Pr content. At the highest temperature
calculated, the CCO sample with a Pr content of x=0.15 exhibited a ZT value of 0.54, which
translates to an increase of 24.8% of ZT value when compared to the baseline material Ca3Co4O9.
This result shows that doping Ca3Co4O9 with Praseodymium is an effective way to increase the
material’s thermoelectric performance.
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Figure 32. Temperature dependence of ZT for Ca3-xPrxCo4O9

4.6 Conclusions for Praseodymium Stoichiometric substitution
The Seebeck coefficient of polycrystalline Ca3Co4O9 was enhanced by stoichiometric

substitution of Praseodymium on the calcium site. At room temperature for the optimum
doping level Ca2.85Pr0.15Co4O9 the Seebeck coefficient increased from 139 to 149 µV/K, which
translates to a 7.6% improvement. The electrical resistivity increased slightly from 43.7 to 44.9
µΩm. These results are in agreement with the literature that substitution of the calcium site by
heavier trivalence ions will reduce the charge carrier concentration of the material increasing
the Seebeck coefficient while at the same time increasing the electrical resistivity.75 SEM images
show that there was a small reduction in grain size and that not improvement in grain
alignment was achieved with the introduction of Praseodymium. It is found that doping for Ca
site with the same valent elements is positive for texture formation, while doping the Ca site
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with different valent elements shows a reverse behavior,81 which is the case for Praseodymium.
The enhancement in Seebeck coefficient led to an improvement in power factor achieving a
maximum value of 0.72 mW/mK2. This translates to a 9.1% improvement from the maximum
power factor of 0.66 mW/mK2 showed by the baseline material. The thermal conductivity
measurements showed a decrease in thermal conductivity, which is also in agreement with the
literature. The introduction of heavier elements such as Pr via stoichiometric substitution will
increase phonon scattering events reducing the phonon contribution to the thermal
conductivity. For the optimum doping level Ca2.85Pr0.15Co4O9 the thermal conductivity decreased
6.9% from 1.95 to 1.81 W/mK. The highest ZT valued increased from 0.44 to 0.54, which is a
22.7% improvement from CCO baseline.
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Chapter 5: Enhancing the Seebeck Coefficient of Ca3Co4O9
through Erbium Stoichiometric Substitution
5.1 Experimental Procedure
The general experimental procedure for Ca3Co4O9 with Erbium substitution followed the
steps described on chapter 3 of this thesis. To analyze the changes in the material with the
introduction of Erbium, samples with an increasing content of Erbium were fabricated with the
following chemical composition. Ca3-xErxCo4O9 with x = 0, 0.05, 0.1, 0.2, 0.3, 0.4. The chemical
agents used to achieve these compositions were Ca(NO3)2·4H2O (99+%, Acros Organics),
Co(NO3)2·6H2O (99%, Acros Organics), and Er(NO3)3·(H2O)x (99.9% Strem Chemicals).

5.2 Impact on Density of Erbium Doped Ca3Co4O9
The apparent densities for Erbium substituted samples are displayed in Table 2. The
density of polycrystalline Ca3Co4O9 baseline started at 3.882 g/cm3. The introduction of Erbium
to the system with a content of x=0.05 showed very little to no change. The density starts
showing a slight increase in value for an Erbium content of x=0.10. Erbium contents of x=0.20
and 0.30 demonstrated a big jump in apparent density at around 4.51 g/cm3. The density kept
increasing with the increase in Erbium content with the highest density of 4.546 g/cm3 for an
Erbium content of x=0.40.
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Table 3. Measured material density of Ca3-xErxCo4O9 with x = 0, 0.05, 0.1, 0.2, 0.3, 0.4.

5.3 Impact on Microstructure and Nanostructure of Erbium Doped Ca 3Co4O9
The samples were fractured and prepared for Scanning Electron Microscope (SEM)
analysis as described on chapter 3. Images of the samples were taken for all doping levels of
Erbium for both the surface (plan view) and their cross sections. The cross-section images
displayed on Figure 34 show that an increase in Erbium content had little to no effect on the
grains alignment for Ca3-xPrxCo4O9, however it can be observed a decrease in grain size with the
increase in the doping level of Erbium. The grain size decreased to around half of its size when
compared to the baseline sample at the highest Erbium doping level of x=0.4. The yellow
arrows indicate the pressing direction of the samples. The decrease in grain size indicates an
increase in grain boundary energy. It has been shown that during microstructure evolution,
relatively higher energy grain boundaries are more likely to be shrinking while lower energy
grain boundaries are more likely to be growing. The grain boundary diffusivity is also affected
by impurities. Impurities added to the Grain boundary lower its energy facilitating its growth,
which was not the case observed.85
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Figure 33. Scanning Electron Microscope (SEM) images of the top surface at x5.00 k zoom of Ca3-xErxCo4O9. (x=0,
0.05, 0.1, 0.2, 0.3, 0.4).
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Figure 34. Scanning Electron Microscope (SEM) images of the cross section at x5.00 k zoom of Ca3-xErxCo4O9. (x=0,
0.05, 0.1, 0.2, 0.3, 0.4).

5.4 Impact on Crystal Structure of Erbium Doped Ca3Co4O9
The peaks obtained from X-Ray Powder Diffraction analysis are displayed in Figure 35. The

expected planes for Ca3-xErxCo4O9 were indexed for all five doping concentrations and the
baseline material for comparison. The patterns were analyzed using WinPLOTR graphic tool for
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powder diffraction to find the correspondent Braggs angles for the planes of interested as
described in the experimental section. The latticed petameters were calculated and displayed in
Table 4. The parameter b1 showed an overall decrease in value with the increase in Erbium

content. The parameter b2 showed a small decrease for small doping levels, and a more
pronounced decrease for higher doping levels. The lattice parameter a demonstrated an overall
increase while c showed an overall decreased when compared to the baseline material,
specially at higher doping levels. Lastly, the parameter β showed a small increase in angle with
the increase in Erbium doping levels.

Figure 35. XRD patterns for Ca3-xErxCo4O9 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.4)
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Table 4. Lattice Parameters for Ca3-xErxCo4O9 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.4)

The lattice parameters were used to calculate the unit cell volume of Ca3-xErxCo4O9. Since
the system is composed of two monoclinic structures, two separate unit cell volumes were
calculated using the different b1 and b2 parameters. The calculations showed a small decrease in
unit cell volume for the Ca2CoO3 layer, while the volume of the CoO2 remained pretty much
constant. Erbium possesses a smaller ionic radius than Calcium, which could explain the slight
decrease in volume.

58

Figure 36. Unit cell volume dependency on Erbium doping level for the Ca2CoO3 and CoO2 layers.

5.5 Impact on Thermoelectric Properties of Erbium Doped Ca3Co4O9
The electrical resistivity of Ca3-xErxCo4O9 samples with an Erbium (Er) content of x = 0,
0.05, 0.10, 0.20, 0.30, 0.40 were tested for temperatures ranging from 300K to 1100 K. At low
temperatures, the introduction of Erbium to CCO showed no noticeable effect on the electrical
resistivity. Increasing the Erbium content to a doping level of x=0.1 increased the initial
electrical resistivity to around 52 µΩm, which was a similar value for a doping level of x=0.2.
The resistivity exhibited a large increase for a higher doping level of x=0.3 and 0.4 with an initial
value of around 110 and 140 µΩm, respectively. At the highest temperature measured, CCO
baseline and dopped CCO with Erbium contents of x=0.05 and 0.1 showed about the same
value around 68 µΩm. The sample with an Erbium content of x=0.2showed a slight decrease in
electrical resistivity to a value of around 63 µΩm (~8% decrease). Higher levels of Erbium
doping also showed higher electrical resistivities at high temperatures.
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Figure 37. Temperature dependence of electrical resistivity for Ca3-xErxCo4O9

The Seebeck coefficient of Ca3-xErxCo4O9 samples with an Erbium (Er) content of x = 0,
0.05, 0.10, 0.20, 0.30, 0.40 were also tested for temperatures ranging from 300K to 1100 K. At
low temperatures, the Seebeck increases slightly with small doping levels of x=0.05, x=0.1, and
x=0.2. A large gap is noticed when the doping levels reaches x=0.3 and continues to increase
with a higher doping level. Overall, the increase in Erbium doping levels also showed an
increase in Seebeck coefficient. At high temperatures, The Seebeck coefficient of samples with
small doping levels showed a small decrease, while samples with higher doping levels of x=0.3
and x=0.4 showed a slight increase in value, as shown in Figure 38.
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Figure 38. Temperature dependence of Seebeck coefficient for Ca3-xErxCo4O9

At low temperatures, the sample with a doping level of x=0.05 was the sample with
higher power factor than CCO baseline. Samples with x=0.2 demonstrated no apparent change,
while all other doping levels (x=0.1, x=0.3, and x=0.4) showed a smaller power factor the
baseline material. At high temperatures, CCO baseline showed the highest power factor value
alongside with samples with doping levels of x=0.05 and x=0.2. All other samples exhibited
inferior power factor values.
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Figure 39. Temperature dependence of Power factor for Ca3-xErxCo4O9

The sample with the highest power factor Ca3Er0.05Co4O9 had its thermal conductivity
tested for the temperatures of 373 and 473 K. At these relatively low temperatures, the thermal
conductivity showed very similar results to CCO baseline
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Figure 40. Temperature dependence of thermal conductivity for Ca3-xErxCo4O9Smx with x=0, 0.05

The break down between the phonon and electron contribution exhibited in Figure
41 also did not show any significant change when compared to CCO baseline.
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Figure 41. Temperature dependence of the phonon and electrical contribution to the thermal conductivity for Ca3xErxCo4O9 with x=0, 0.05

Even with similar values in terms of thermal conductivity value was very similar to
the Baseline material, it can be seen a small improvement in ZT value that can be attributed to
the slightly higher power factor of the Erbium doped material.
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Figure 42. Temperature dependence of ZT for Ca3-xErxCo4O9 (x=0, 0.05)

5.6 Conclusions for Erbium Stoichiometric Substitution
The Seebeck coefficient of polycrystalline Ca3Co4O9 was enhanced by stoichiometric

substitution of Erbium on the calcium site. However, the increase in Seebeck coefficient was
accompanied by a large increase in electrical resistivity, specially at higher doping levels. This
large increase in electrical resistivity resulted in most of the doping levels having a reduction in
power factor, except for Ca2.95Er0.05Co4O9. This doping level showed a very small increase in
power factor throughout most of the temperature rage. An increase in electrical resistivity was
expected because the substitution of Erbium in CCO should lead to a reduction in carrier
concentration. However, the tradeoff between the increase in Seebeck coefficient and increase
in electrical resistivity was not enough to increase the overall power factor significantly. SEM
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images show that there was a substantial reduction in grain size and that not improvement in
grain alignment was achieved with the introduction of Erbium. It is found that doping for Ca site
with the same valent elements is positive for texture formation, while doping the Ca site with
different valent elements shows a reverse behavior81, which is the case for Erbium. It has been
shown that decrease in grain size can lead to a higher electrical resistivity because of the grain
boundary barrier effect and the energy filtering theory.86 Erbium substitution can still be a
good candidate for stoichiometric substitution in CCO as the thermal conductivity is expected
to be reduced with the increase in phonon scattering events leading to a possible higher ZT
value.
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Chapter 6: Enhancing the Seebeck Coefficient of Ca3Co4O9
through Samarium Non-stoichiometric Addition
6.1 Experimental Procedure
The general experimental procedure for Ca3Co4O9 with Samarium non-stoichiometric
addition followed the steps described on chapter 3 of this thesis. To analyze the changes in the
material with the introduction of Samarium, samples with an increasing content of Samarium
were fabricated with the following chemical composition. Ca3Co4O9Smx with x = 0, 0.05, 0.1,
0.2. The chemical agents used to achieve these compositions were Ca(NO3)2·4H2O (99+%, Acros
Organics), Co(NO3)2·6H2O (99%, Acros Organics), and Sm(NO3)3·6(H2O) (99.9%, Alfa Aesar).

6.2 Impact on Density of Samarium Doped Ca3Co4O9
The apparent densities for Samarium added samples are displayed in Table 5. The
density of polycrystalline Ca3Co4O9 baseline started at 3.882 g/cm3. The introduction of
Praseodymium to the system showed an increase in material density with a peak density of
4.261 g/cm3 for the sample with chemical composition Ca3Co4O9Sm0.2. This value represents an
increase of 9.76% in material density.

Table 5. Measured material density of Ca3Co4O9Smx with x = 0.00, 0.05, 0.10, 0.20.
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6.3 Impact on Microstructure and Nanostructure of Samarium Doped Ca3Co4O9
The samples were fractured and prepared for Scanning Electron Microscope (SEM)
analysis as described on chapter 3. Images of the samples were taken for all doping levels of
Samarium for both the surface (plan view) and their cross sections at 5K zoom. It can be seen
from the images that the grain size decreased with the increase in Sm doping level. The crosssection images displayed on Figure 44 show that an increase in Samarium content had no effect
on the grains alignment for Ca3Co4O9Smx. The yellow arrows indicate the pressing direction of
the samples. The decrease in grain size indicates an increase in grain boundary energy. It has
been shown that during microstructure evolution, relatively higher energy grain boundaries are
more likely to be shrinking while lower energy grain boundaries are more likely to be growing.
The grain boundary diffusivity is also affected by impurities. Impurities added to the Grain
boundary lower its energy facilitating its growth, which was not the case observed.87
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Figure 43. Scanning Electron Microscope (SEM) images of the top surface at x5.00 k zoom of Ca3Co4O9Smx with
x=0, 0.05, 0.1, and 0.2.
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Figure 44. Scanning Electron Microscope (SEM) images of the cross section at x5.00 k zoom of Ca3Co4O9Smx with
x=0, 0.05, 0.1, and 0.2.

6.4 Impact on Crystal Structure of Samarium Doped Ca3Co4O9
The peaks obtained from X-Ray Powder Diffraction analysis are displayed in
Figure 45. The expected planes for Ca3Co4O9Smx were indexed for all three doping

concentrations and the baseline material for comparison. The patterns were analyzed using
WinPLOTR graphic tool for powder diffraction to find the correspondent Braggs angles for the
planes of interested as described in the experimental section. The latticed petameters were
calculated and displayed in Table 6. The parameter b1 showed an overall decrease in value with
the increase in Samarium content. The parameter b2 showed a very small decrease when
compared to the baseline CCOs. The lattice parameters a and c both demonstrated an overall
increase, specially at higher Sm doping levels. Lastly, the parameter β showed an overall
increase with the increase in Samarium doping levels.
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Figure 45. XRD patterns for Ca3Co4O9Smx (x = 0, 0.05, 0.1, 0.2)

Table 6. Lattice Parameters for Ca3Co4O9Smx (x = 0, 0.05, 0.1, 0.2)

The lattice parameters were used to calculate the unit cell volume of Ca3Co4O9Smx. Since
the system is composed of two monoclinic structures, two separate unit cell volumes were
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calculated using the different b1 and b2 parameters. The calculations showed an overall increase
in unit cell volume for both the Ca2CoO3 and CoO2 layers. This could be explained by Samarium’s
larger ionic radius.

Figure 46. Unit cell volume dependency on Samarium doping level for the Ca2CoO3 and CoO2 layers.

6.5 Impact on Thermoelectric Properties of Samarium Ca3Co4O9
The electrical resistivity of samples of Ca3Co4O9Smx with a Samarium content of x = 0,
0.05, 0.10, 0.20 were tested for temperatures ranging from 300K to 1100 K. The samples with a
Samarium content of 0.05 and 0.1 showed a very similar behavior in electrical resistivity when
compared to CCO baseline. However, the sample with the lowest doping level x=0.05 showed
the lowest electrical resistivity for the entire temperature range. Increasing the Sm content
above x = 0.05 resulted in an increase in electrical resistivity with the sample with Sm content
x=0.2 showing the highest value starting at around 93 µΩm and a change to semiconductor like
behavior.
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Figure 47. Temperature dependence of electrical resistivity for Ca3Co4O9Smx with x=0, 0.05, 0.1, 0.2

The Seebeck coefficient of samples of Ca3Co4O9Smx with a Samarium content of
x=0, 0.05, 0.10, 0.2 were also tested for temperatures ranging from 300K to 1100 K. The baseline
material showed an initial absolute Seebeck at room temperature of around 139 µV/K. At low
temperatures, the Seebeck coefficient showed a gradual increase up to a doping level of 0.1, then
a big jump from 148 µV/K to around 175 µV/K for a 0.2 Samarium doping level. At high
temperatures, the Seebeck coefficient only increased slightly for x=0.1 and decreased for the
other doping levels.
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Figure 48. Temperature dependence of Seebeck coefficient for Ca3Co4O9Smx with x=0, 0.05, 0.1, 0.2

The power factor was calculated for Ca3Co4O9Smx on the same temperature range. The
power factor value increased for a Samarium doping level of 0.05 and 0.1. Ca3Co4O9Sm0.1
presented the best balance between electrical resistivity and Seebeck coefficient, resulting on a
maximum power factor of about 0.71 mW/mK2. This value is an improvement of around 7.6%
when compared to the maximum power factor value of 0.66 achieved by CCO baseline.
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Figure 49. Temperature dependence of power factor for Ca3Co4O9Smx with x=0, 0.05, 0.1, 0.2

The sample with the highest power factor Ca3Co4O9Sm0.1 had its thermal conductivity
tested for temperatures of 373 and 473 K. At these relatively low temperatures, the thermal
conductivity showed very similar results to CCO baseline.
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Figure 50. Temperature dependence of thermal conductivity for Ca3Co4O9Smx with x=0, 0.1

The break down between the phonon and electron contribution exhibited in Figure 51 also
did not show any change when compared to the baseline material.
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Figure 51. Temperature dependence of the phonon and electrical contribution to the thermal conductivity for
Ca3Co4O9Smx with x=0, 0.1

Even with similar values in terms of thermal conductivity value was very similar to the
Baseline material, it can be seen a small improvement in ZT value that can be attributed to the
higher power factor of the Samarium doped material. The ZT value increased by 8.7% at 473 K.
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Figure 52. Temperature dependence of ZT for Ca3Co4O9Smx (x=0, 0.1)

6.6 Conclusions for Samarium Non-stoichiometric Addition
The Seebeck coefficient of polycrystalline Ca3Co4O9 was enhanced by non-stoichiometric

addition of Samarium. At room temperature for the optimum doping level Ca3Co4O9Sm0.1 the
Seebeck coefficient increased from 139 to 146 µV/K, which translates to a 5.0% improvement.
The electrical resistivity remained virtually the same as the CCO baseline for most of the
temperature range, and slightly lower at temperatures above 900 K. It was believed that by
adding Samarium to Ca3Co4O9 through non-stoichiometric addition to let the element go where
it naturally saw fit instead of substituting one of the ions on the baseline material could lead
the element to segregate at the grain boundary due to its large ionic radius, which could lead to
an enhancement in thermoelectric performance by decreasing the carrier concentration via
carrier filtering mechanisms at the grain boundary. The electrical resistivity decreased for a
doping level of x=0.05, but then increased for higher doping levels. SEM images showed that
there was a small decrease in grain size for low doping levels, then a larger decrease for a
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higher doping level. The grain alignment did not show any improvement with the increase in
Samarium doping level. The enhancement in Seebeck coefficient led to an improvement in
power factor achieving a maximum value of 0.71 mW/mK2, which translates to a 7.6%
improvement from the maximum power factor of 0.66 mW/mK2 showed by the baseline
material. The thermal conductivity measurements showed very similar values to the baseline
material at low temperatures. The enhanced Seebeck coefficient coupled with no change of the
electrical resistivity and thermal conductivity led to an improvement in ZT value. At 473 K, the
ZT value for the optimum concentration Ca3Co4O9Sm0.1 improved 8.7% showing that Samarium
non-stoichiometric addition had a positive influence on the Seebeck coefficient and
consequently on the ZT value of Ca3Co4O9
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Chapter 7: Enhancing the Seebeck Coefficient of Ca3Co4O9
through Erbium Non-stoichiometric Addition
7.1 Experimental Procedure
The general experimental procedure for Ca3Co4O9 with Erbium non-stoichiometric
addition followed the steps described on chapter 3 of this thesis. To analyze the changes in the
material with the introduction of Samarium, samples with an increasing content of Samarium
were fabricated with the following chemical composition. Ca3Co4O9Erx with x = 0, 0.05, 0.3. The
chemical agents used to achieve these compositions were Ca(NO3)2·4H2O (99+%, Acros
Organics), Co(NO3)2·6H2O (99%, Acros Organics), and Er(NO3)3·(H2O)x (99.9% Strem Chemicals).

7.2 Impact on Density of Erbium Doped Ca3Co4O9
The apparent densities for Erbium added samples are displayed in Table 7. The density of
polycrystalline Ca3Co4O9 baseline started at 3.882 g/cm3. The introduction of Erbium to the
system showed an increase in material density with a peak density of 4.050 g/cm3 for the
sample with chemical composition Ca3Co4O9Er0.3. This value represents an increase of 4.37% in
material density.

Table 7. Measured material density of Ca3Co4O9Erx with x = 0.00, 0.05, 0.3.
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7.3 Impact on Microstructure and Nanostructure of Erbium Doped Ca3Co4O9
The samples were fractured and prepared for Scanning Electron Microscope (SEM)
analysis as described on chapter 3. Images of the samples were taken for all doping levels of
Erbium for both the surface (plan view) and their cross sections at 5K zoom. It can be seen from
the images that the grain size decreased with the increase in Er doping level. The cross-section
images displayed on Figure 54 show that an increase in Erbium content had no effect on the
grain alignment for Ca3Co4O9Erx. The yellow arrows indicate the pressing direction of the
samples. The decrease in grain size indicates an increase in grain boundary energy. It has been
shown that during microstructure evolution, relatively higher energy grain boundaries are more
likely to be shrinking while lower energy grain boundaries are more likely to be growing. The
grain boundary diffusivity is also affected by impurities. Impurities added to the Grain boundary
lower its energy facilitating its growth, which was not the case observed.88
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Figure 53. Scanning Electron Microscope (SEM) images of the top surface at x5.00 k zoom of Ca3Co4O9Erx with
x=0, 0.05, 0.3.
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Figure 54. Scanning Electron Microscope (SEM) images of the cross section at x5.00 k zoom of Ca3Co4O9Erx with
x=0, 0.05, 0.3.

7.4 Impact on Crystal Structure of Erbium Doped Ca3Co4O9
The peaks obtained from X-Ray Powder Diffraction analysis are displayed in Figure 55.
The expected planes for Ca3Co4O9Erx were indexed for all doping concentrations and the
baseline material for comparison. The patterns were analyzed using WinPLOTR graphic tool for
powder diffraction to find the correspondent Braggs angles for the planes of interested as
described in the experimental section. The latticed petameters were calculated and displayed in
Table 8. The parameter b1 showed an overall decrease in value with the increase in Erbium

content. The parameter b2 showed a decrease in value for the highest doping level of Erbium
x=0.3. The lattice parameter a showed an increase specially at the highest doping level. c
demonstrated an overall small decrease. Lastly, the parameter β showed an overall increase
with the increase in Erbium doping levels.
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Figure 55. XRD patterns for Ca3Co4O9Erx (x = 0, 0.05, 0.3)

Table 8. Lattice Parameters for Ca3Co4O9Erx (x = 0, 0.05, 0.3)

The lattice parameters were used to calculate the unit cell volume of Ca3Co4O9Erx. Since
the system is composed of two monoclinic structures, two separate unit cell volumes were
calculated using the different b1 and b2 parameters. The calculations showed that the Ca2CoO3
volume remained unchanged and the CoO2 showed a very small increase in volume for a high
doping level of x=0.3.
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Figure 56. Unit cell volume dependency on Erbium doping level for the Ca2CoO3 and CoO2 layers.

7.5 Impact on Thermoelectric Properties of Erbium Ca3Co4O9
The electrical resistivity of samples of Ca3-Co4O9Erx with an Erbium content of x = 0, 0.05,
0.3 were tested for temperatures ranging from 300K to 1100 K. The sample with an Erbium
content of 0.05 showed a very similar behavior in electrical resistivity when compared to CCO
baseline at low temperature, but with lower overall electrical resistivity for higher
temperatures. Increasing the Er content to x=0.3 resulted in a large increase in electrical
resistivity and a change to semiconductor like behavior for low and medium temperatures.
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Figure 57. Temperature dependence of electrical resistivity for Ca3Co4O9Erx with x=0, 0.05, 0.3.

The baseline material exhibited an initial absolute Seebeck at room of around 139 µV/K.
At low temperatures, the Seebeck coefficient showed small increase for a small doping level of
x=0.05, then a big jump from 142 µV/K to around 162 µV/K for an Erbium doping level of x=0.3.
At high temperatures, the Seebeck decreased slightly from x=0.05 and increased for a higher
doping level of x=0.3.
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Figure 58. Temperature dependence of Seebeck coefficient for Ca3Co4O9Erx with x=0, 0.05, 0.3.

The power factor was calculated for Ca3Co4O9Erx on the same temperature range. The
power factor value increased slightly for an Erbium doping level of x=0.05 for most of the
temperature range (around 3%). The higher doping level of x=0.3 showed a very low power factor
due to its high electrical resistivity.
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Figure 59. Temperature dependence of power factor for Ca3Co4O9Erx with x=0, 0.05, 0.3.

7.6 Conclusions for Erbium Non-stoichiometric Addition
The Seebeck coefficient of polycrystalline Ca3Co4O9 was enhanced by non-stoichiometric

addition of Erbium. At room temperature for the optimum doping level Ca3Co4O9Sm0.05 the
Seebeck coefficient increased from 139 to 142 µV/K, which translates to a 2.2% improvement.
The electrical resistivity remained virtually the same as the CCO baseline at low temperatures
and slightly lower at temperatures above 500 K. The highest doping level showed a big jump in
electrical resistivity showing the sample was over doped. SEM images showed that there was a
decrease in grain size specially at a high doping level. The grain alignment did not show any
improvement with the increase in Erbium doping level. The enhancement in Seebeck coefficient
led to a slight improvement in power factor for most of the temperature range and achieving a
maximum value of 0.67 mW/mK2, which translates to a 2.5% improvement from the maximum
power factor of 0.66 mW/mK2 showed by the baseline material.
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Chapter 8: Tuning the Thermal Conductivity of Ca3Co4O9
through Terbium and Praseodymium Stoichiometric Dual
Substitution
8.1 Experimental Procedure
The general experimental procedure for Ca3Co4O9 with Praseodymium and Terbium dual
substitution followed the steps described on chapter 3 of this thesis. To analyze the changes in
the material with the introduction of Praseodymium and Terbium, samples with an increasing
content of Praseodymium and Terbium were fabricated with the following chemical
composition. Ca3-xPrxCo4O9 with x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, and y = 0, 0.05, 0.04, 0.03,
0.02, 0.01. The chemical agents used to achieve these compositions were Ca(NO3)2·4H2O (99+%,
Acros Organics), Co(NO3)2·6H2O (99%, Acros Organics), Pr(NO3)3·6H2O (99.9%, Strem Chemicals)
and Tb(NO3)3·6H2O (99.9% Strem Chemicals).

8.2 Impact on Density of Terbium and Praseodymium Doped Ca3Co4O9
The apparent densities for Praseodymium and Terbium substituted samples are
displayed in table 3. The density of polycrystalline Ca3Co4O9 baseline started at 3.882 g/cm3.
The introduction of Praseodymium y=0.05 to the system showed an increase in material
density. Reducing the Praseodymium content while increasing the Terbium content showed
pretty much a linear increase in material density with a peak density of 4.121 g/cm3 for the
sample with chemical composition Ca2.95Tb0.05Co4O9. This value represents an increase of 6.16%
in material density. Samples with only Terbium content displayed higher density than samples
with the same amount of Praseodymium.
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Table 9. Measured material density of Ca3-x-yTbxPryCo4O9 with x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05 and y = 0,
0.05, 0.04, 0.03, 0.02, 0.01, 0.00.

6.3 Impact on Microstructure and Nanostructure of Praseodymium and Terbium Dual
Doped Ca3Co4O9
The samples were fractured and prepared for Scanning Electron Microscope (SEM)
analysis as described on chapter 3. Images of the samples were taken for all doping levels of
Terbium and Praseodymium for both the surface (plan view) and their cross sections. The cross
section images displayed on Figure 61 showed that an increase in Terbium and Praseodymium
doping levels had no effect on the grains alignment for Ca3-x-yTbxPryCo4O9. Additionally, the
images show that the dopants had no effect on the grain size regardless of the doping
distribution.
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Figure 60. Scanning Electron Microscope (SEM) images of the top surface at x5.00 k zoom of Ca3-xTbxPryCo4O9.
(x=0 y=0, y=0 x=0.05, y=0.01 x=0.04, y=0.02 x=0.03, y=0.03 x=0.02, y=0.04 x=0.01, y=0.05 x=0.0).
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Figure 61. Scanning Electron Microscope (SEM) images of the cross section at x5.00 k zoom of Ca3-xTbxPryCo4O9.
(x=0 y=0, y=0 x=0.05, y=0.01 x=0.04, y=0.02 x=0.03, y=0.03 x=0.02, y=0.04 x=0.01, y=0.05 x=0.0).
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8.4 Impact on Crystal Structure of Terbium and Praseodymium Doped Ca3Co4O9
The peaks obtained from X-Ray Powder Diffraction analysis are displayed in Figure 62. The

expected planes for Ca3-xyTbxPryCo4O9 were indexed for all six doping concentrations and the
baseline material for comparison. The patterns were analyzed using WinPLOTR graphic tool for
powder diffraction to find the correspondent Braggs angles for the planes of interested as
described in the experimental section. The latticed petameters were calculated and displayed in
Table 10. The parameter a showed an overall decrease with the presence of both Tb and Pr,

however this decrease was slightly higher when only Tb was used as dopant instead of only Pr.
The parameter b1 also showed an overall increase with the dual doping of Tb and Pr, however
this time a larger decrease was noticed for higher levels of Pr instead of higher levels of Tb. The
parameter c also showed an overall decreased when compared to the baseline material. This
decreased was more pronounced when the doping level of Tb and Pr were relatively similar to
each other. The parameter β showed a small decrease in angle, and this decreased was slightly
higher when Tb was the only dopant in the CCO system. Lastly, b2 showed a small increase in
value for that remained pretty much constant across all doping levels.
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Figure 62. XRD Patters for Ca3-xTbxPryCo4O9 with x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, and y = 0, 0.05, 0.04, 0.03,
0.02, 0.01.

Table 10. Lattice Parameters for Ca3-xTbxPryCo4O9 with x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, and y = 0, 0.05, 0.04,
0.03, 0.02, 0.01.

The lattice parameters were used to calculate the unit cell volume of Ca3-xPrxCo4O9. Since
the system is composed of two monoclinic structures, two separate unit cell volumes were
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calculated using the different b1 and b2 parameters. The calculations showed a decrease in unit
cell volume for both the Ca2CoO3 and CoO2 layers. There was a drastic decrease in unit cell volume
when either one of the dopants were introduced to the system, then a continuous decrease as
the doping levels of both dopants got closer to each other. The optimum doping level of
Ca2.95Tb0.03Pr0.02Co4O9 showed the smallest unit cell volumes. The overall reduction of the volume
could be explained by Terbium’s Praseodymium’s smaller ionic radius.

Figure 63. Unit cell volume dependency on Terbium and Praseodymium doping level for the Ca2CoO3 layer.
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Figure 64. Unit cell volume dependency on Terbium and Praseodymium doping level for the CoO2 layer..

8.5 Impact on Thermoelectric Properties of Terbium and Praseodymium Doped
Ca3Co4O9
The electrical resistivity of samples of Ca3-x-yTbxPryCo4O9 with a Praseodymium (Pr) and
Terbium (Tb) content ranging from x=0, 0.01, 0.02, 0.03, 0.04, 0.05, and y=0, 0.05, 0.04, 0.03,
0.02, 0.01 were tested for temperatures ranging from 300K to 1100 K. For low temperatures, the
sample doped only with Praseodymium showed almost no difference in electrical resistivity when
compared to CCO baseline. A gradual decrease in Praseodymium content with an increase in
Terbium content resulted in a gradual increase in electrical resistivity. The sample with only
Terbium doping exhibited the highest electrical resistivity value starting at around 64 µΩm. At
the high temperature range the sample with the doping content of Tb=0.03 and Pr=0.02 exhibited
the lowest electrical resistivity value at around 60 µΩm, while the sample with doping content of
Tb = 0.01 and Pr = 0.04 showed the highest electrical resistivity value at around 71 µΩm.
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Figure 65. Temperature dependency of electrical resistivity for Ca3-x-yTbxPryCo4O9

The Seebeck coefficient of samples of Ca3-x-yTbxPryCo4O9 with a Praseodymium (Pr) and
Terbium (Tb) content ranging from x=0, 0.01, 0.02, 0.03, 0.04, 0.05, and y=0, 0.05, 0.04, 0.03,
0.02, 0.01 were also tested for temperatures ranging from 300K to 1100 K. At low temperatures,
the Seebeck coefficient of the tested samples showed a small increase with when the doping
level of Praseodymium was being reduced while increasing the doping level of Terbium. The
increase in Seebeck coefficient became more pronounced when the doping content of Terbium
surpassed Praseodymium content, Tb = 0.03 and Pr = 0.02. At that point the Seebeck coefficient
at room temperature jumped from around 144 to 153 µV/K. This trend continued with the
increase in Terbium and decrease in Praseodymium content. The highest Seebeck at the initial
temperature of 300 K was achieved by the sample containing only Terbium doping at 162 µV/K.
At high temperatures the Seebeck coefficients of all samples tented to convert to the same range.
All samples stayed between 206 and 211 µV/K at the highest temperature of 1100 K.
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Figure 66. Temperature dependency of Seebeck coefficient for Ca3-x-yTbxPryCo4O9

The Power factor of samples of Ca3-x-yTbxPryCo4O9 with a Praseodymium (Pr) and Terbium
(Tb) content ranging from x=0, 0.01, 0.02, 0.03, 0.04, 0.05, and y=0, 0.05, 0.04, 0.03, 0.02,
0.01 were calculated for temperatures ranging from 300K to 1100 K. The highest power
factor value was achieved by the sample with doping content of Tb = 0.03 and Pr = 0.02.
The power factor value of 0.74 was achieved at 1030 K, which translates to a 12.1%
increase in power factor when compared to the 0.66 value achieved by CCO baseline at
its maximum value. The samples with the doping content of Tb = 0.02 and Pr = 0.03, and
Tb = 0.05 also demonstrated an increase in power factor with a maximum value of 0.69.
This represent an increase of about 4.5% when compared to the baseline material. The
samples with other combinations of doping levels showed a slight decrease in Fower
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Factor. These results show that dual doping of Ca3Co4O9 with Terbium and Praseodymium
is an effective way to increase the materials thermoelectric performance.

Figure 67. Temperature dependency of Power Factor for Ca3-x-yTbxPryCo4O9

The sample with the highest power factor Ca2.95Tb0.03Pr0.02Co4O9 had its thermal
conductivity tested for temperatures of 373 and 473 K. At 373, the thermal conductivity showed
an improvement decreasing from 1.95 to 1.82 which translates to a 6.6% improvement in thermal
conductivity.
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Figure 68. Temperature dependence of ZT for Ca3-x-yTbxPryCo4O9 (x=0 y=0, x=0.03 y=0.02)

The break down between the phonon and electron contribution exhibited in Figure 51
showed very similar results to the phonon and electron contributions. However, the doped
material showed a slight decrease in electronic contribution overall.
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Figure 69. Temperature dependence of the phonon and electrical contribution to the thermal conductivity for Ca-xyCo4O9 (x=0 y=0, x=0.03 y=0.02)

The dual substituted material showed improvements in both power factor and thermal
conductivity for temperatures of 373 and 473 K. This led to an improvement in ZT value of 6.4%
at the lowest temperature.
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Figure 70. Temperature dependence of ZT for Ca-x-yCo4O9 (x=0 y=0, x=0.03 y=0.02)

8.6 Conclusions for Terbium and Praseodymium Stoichiometric Dual Substitution
The Seebeck coefficient of polycrystalline Ca3Co4O9 was enhanced by stoichiometric dual

substitution of Terbium and Praseodymium on the calcium site. At room temperature for the
optimum doping level Ca2.95Tb0.03Pr0.02Co4O9 the Seebeck coefficient increased from 139 to 153
µV/K, which translates to a 10% improvement. The electrical resistivity also increased from 43.7
to 52.5 µΩm. These results are in agreement with the literature that substitution of the calcium
site by heavier trivalence ions will reduce the charge carrier concentration of the material
increasing the Seebeck coefficient while at the same time increasing the electrical resistivity.75
SEM images show that there was no substantial change in grain size and that no improvement
in grain alignment was achieved with the introduction of Terbium and Praseodymium. It is
found that doping for Ca site with the same valent elements is positive for texture formation,
while doping the Ca site with different valent elements shows a reverse behavior81, which is the
case for Terbium and Praseodymium. The enhancement in Seebeck coefficient led to an
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improvement in power factor achieving a maximum value of 0.74 mW/mK2. This translates to a
12.1% improvement from the maximum power factor of 0.66 mW/mK2 showed by the baseline
material. The increase in power factor indicates that dual doping was successful in electron
filtering causing an enhancement in Seebeck coefficient. The thermal conductivity
measurements showed a decrease in thermal conductivity at the lowest temperature of 373 K,
which is also in agreement with the literature. The introduction of heavier elements such as Tb
and Pr via stoichiometric substitution will increase phonon scattering events reducing the
phonon contribution to the thermal conductivity. In addition, the introduction of a second
dopant to Ca3Co4O9 has shown to simultaneously increase spin entropy and phonon scattering
boosting the material’s ZT value.89 For the optimum doping level Ca2.95Tb0.03Pr0.02Co4O9 the
thermal conductivity decreased 6.6% from 1.95 to 1.82 W/mK. ZT valued increased showed a
6.4% improvement from CCO baseline at low temperatures. It is expected that the ZT value
shows a bigger increase at higher temperatures since the optimum doping level showed the
greatest improvement in power factor at higher temperatures above 700 K, while the power
factor value at low temperatures was similar to Ca3Co4O9.
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Chapter 9: Conclusion and Suggestions for Future Work
9.1 Conclusions
There is a continuum growth in demand, market value, and applications to thermoelectric
generators as the switch to more efficient and renewables sources only intensify. Although there are

already thermoelectric materials being widely used in many applications, most of these
materials are expensive to produce due to the low abundance of raw material in nature, they
are often toxic, and often not chemically stable at high temperatures and in oxidizing
conditions.57 For these reasons thermoelectric oxide materials have drawn great attention in
the past years. Oxides are often relatively cheap due to the raw materials being abundant in
nature, non-toxic, and have shown to be stable in high temperature and oxidizing conditions.
The downside is that these materials exhibit a relatively low ZT value when compared to
already well stablished conventional materials.
To improve the efficiency of thermoelectric materials, researchers continue to find ways
to improve their figure of merit ZT. The big challenge in improving the ZT value of these
materials is that their thermoelectric properties such as Seebeck coefficient, electrical
resistivity, and thermal conductivity are closely interrelated. For example, whenever the
electrical resistivity is lowered, an increase in thermal conductivity is also noticed.51 It has been
shown that the Seebeck coefficient and electrical resistivity can be modified independently
from one another to enhance the overall electrical properties of the material
This work was focused mainly on improving the Seebeck coefficient of calcium cobaltite
Ca3Co4O9 through the introduction of rare-earth elements. The introduction of heavier ions
with trivalence state such as rare-earth elements causes a reduction in charge carrier
concentration and an electron filtering effect allowing only high-energy electrons to contribute
to the electronic conduction of the material.73 This has shown to cause great improvement on
the Seebeck coefficient and a reduction in electrical conductivity since there is a reduction in
the movement of charges through the material. The introduction of heavy elements such as
rare-earth elements has shown to increase phonon scattering events, which is desired to
reduce the thermal conductivity of the material.53
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Four different chemistry compositions were tested with the goal to improve the
Seebeck coefficient of Ca3Co4O9 including two stoichiometric substitutions on the calcium site
using Praseodymium and Erbium, and two non-stoichiometric additions using Erbium and
Samarium. A fifth chemistry composition was used to tune the thermal conductivity of
Ca3Co4O9 through stoichiometric dual substitution using Praseodymium and Terbium. All the
chemistry compositions demonstrated a successful increase in Seebeck coefficient with the
introduction of heavy rare-earth elements showing that electron filtering indeed is a valid
technique to enhance the thermopower of thermoelectric materials. Several of the doping
levels tested showed an overall improvement in power factor due to the enhanced Seebeck
coefficient. It was also demonstrated that the introduction of heavy rare-earth elements can
cause an increase in phonon scattering events by increasing grain boundary filtering in the
material leading to a reduction in thermal conductivity. All these benefits led to an increase in
figure of merit ZT for several of the chemistry compositions tested. The results are summarized
on Table 11. These results are displayed for the chosen optimum doping level for each of the
chemistry modifications and does not necessarily reflect the overall trends of all the doping
levels tested.
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Table 11. Summary of results for the optimum doping level of each chemistry modified of Ca3Co4O9

9.2 Suggestions for Future Work
The results and overall trends identified in this work can be very helpful to the further
investigation of techniques and choice of materials to enhance the thermoelectric properties of
calcium cobaltite Ca3Co4O. As demonstrated in this work, rare-earth elements are great
candidates showing improvement in several thermoelectric properties when introduced to the
baseline material. The Seebeck coefficient was greatly improved specially for Praseodymium
stoichiometric substitution and for Terbium and Praseodymium stoichiometric dual substitution
causing a good enhancement in power factor. These two chemistry compositions also showed
good reduction in thermal conductivity. Further study could be done for the dual substituted
material to determine the optimum doping level as in this work the calcium substitution was
only performed for a doping level of x+y=0.05 (Ca2.95Tb0xPryCo4O9 ). However, the material still
suffered with the deterioration of the electrical conductivity. This opens the door to improve
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this property to further enhance the performance of these materials. The non-stoichiometric
addition of elements that have shown to improve the material texture and decrease the
electrical resistivity such as Bismuth and Potassium could be good candidates to be incorporate
in some of the chemistry compositions studied in this work.
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